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We determine the effective g-factor (|g∗|) of a two-dimensional electron gas (2DEG) using a new method
based on capacitance spectroscopy. The capacitance-voltage profile of a 2DEG in an InAs/AlGaSb quantum
well measured in an in-plane magnetic field shows a double-step feature that indicates the Zeeman splitting of
the subband edge. The method allows for simultaneous and independent determination of |g∗| and effective
mass m∗. Data suggest that the biaxial tensile strain in the InAs layer has considerable impacts on both m∗ and
g∗. Our method provides a means to determine |g∗| that is complementary to the commonly used coincidence
technique.
The electron g-factor is a fundamental quantity that gov-
erns the coupling between the spin degree of freedom and ex-
ternal magnetic fields. In the solid state, the g-factor is al-
tered from its value in vacuum (ge ≈ 2) by spin-orbit cou-
pling and can even change sign, thus becoming a material-
dependent parameter referred to as the effective g-factor, de-
noted as g∗. This coupling, making g∗ dependent on vari-
ous parameters such as electric field and quantum confine-
ment, allows for controlling the spin degree of freedom by
electrical means, which forms the basis for spintronics and
quantum information processing.1 Recently, the combination
of the strong spin-orbit interaction inherent in narrow-gap
semiconductors and external magnetic fields has proven to
provide routes to the emergent quantum phase,2,3 where g∗
plays an important role. In a two-dimensional electron gas
(2DEG), a common platform for various nanostructures and
hybrid devices, g∗ is determined by a method known as the
coincidence technique.4–7 The method uses magnetic field
B, with the angle θ from the sample normal varied to tune
the ratio r (= |g∗|m∗/h¯ecosθ ) between the Zeeman splitting
EZ = |g
∗|µBB and cyclotron energy h¯eB⊥/m
∗, where µB is the
Bohr magneton, h¯ is Planck’s constant divided by 2pi , e is the
elementary charge, B⊥ = Bcosθ is the perpendicular com-
ponent of B, and m∗ is the effective mass. Then |g∗| is known
from θ at which particular resistance minima disappear due to
level coindicence. However, in the presence of B⊥, electron-
electron interaction can affect g∗ in a manner dependent on
the Landau-level filling factor.6,8 Therefore, alternative means
to determine |g∗| without B⊥, which can provide complemen-
tary information, will be helpful. In this study, we present a
new method based on capacitance spectroscopy that does not
require B⊥ and determine |g
∗| of a 2DEG in a quantum well
(QW) of InAs, a narrow-gap semiconductor with strong spin-
orbit interaction and large |g∗|.
Our method is based on the measurement of quantum ca-
pacitance cQ = e
2(dns/dµ), which is proportional to the
thermodynamic density of states (DOS) D = dns/dµ of the
2DEG9,10 [Fig. 1(a)]. Here, µ is the chemical potential, and
ns is the electron density. We apply a strong in-planemagnetic
field B‖ andmeasure the Zeeman splitting of the subband edge
[Fig. 1(b)] that appears as a double step in the capacitance-
voltage profile. Figure 2(a) shows the equivalent-circuit rep-
resentation of the system. The differential capacitance cFG
(per unit area) between the 2DEG and the front gate, sepa-
rated by an insulator with dielectric constant εb and thickness
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FIG. 1. Schematic illustrations of band dispersion and density of
states of a two-dimensional electron gas subjected to (a) zero, (b)
in-plane, and (c) perpendicular magnetic fields.
db, can be described by a series sum of cQ and geometrical
capacitance cG = εb/db as
c−1FG = c
−1
G + c
−1
Q . (1)
Using this equation along with e(dns/dVFG)= cFG, whereVFG
is the front-gate voltage, one can show that the relation
µ = e
∫ VFG
Vth
[
1−
cFG(V
′
FG)
cG
]
dV ′FG (2)
holds between µ andVFG,
11 whereVth is the threshold voltage
at which the 2DEG starts to accumulate. This relation can be
used to translate voltage into energy from the measured cFG
vs VFG. This allows us to obtain EZ (and hence |g
∗|) from the
double-step feature in the capacitance-voltage profile.
Measurements were conducted at 1.8 K on a square
(600 µm× 590 µm) device fabricated from a heterostructure
grown by molecular beam epitaxy on an n-type GaSb (001)
substrate. Figure 2(c) depicts the layer structure of the de-
vice. The 2DEG is hosted in a 20-nm-wide InAs QW sand-
wiched by 10-nm-thick Al0.7Ga0.3Sb barriers. The QW struc-
ture is flanked on both sides by outer AlAs0.08Sb0.92 barrier
layers and capped with 5-nmGaSb. The AlAs0.08Sb0.92 layers
were designed to lattice-match the GaSb substrate and thereby
eliminate dislocation formation. Note that the lattice constant
of InAs (Al0.7Ga0.3Sb), 6.0501 (6.1139) A˚, is 0.52% smaller
(0.53% larger) than that of GaSb (6.0817 A˚). This induces a
biaxial 0.52% tensile (0.53% compressive) strain in the InAs
(Al0.7Ga0.3Sb) layer(s). The device has two Ohmic contacts
and a front gate with a 40-nm-thick Al2O3 insulator atomic-
layer deposited on the heterostructure. We measured the ca-
pacitanceCexp between the front gate and the 2DEG
12 using a
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FIG. 2. (a) Equivalent-circuit representation of the differential ca-
pacitance cFG (per unit area) between the front gate and 2DEG. (b)
Equivalent circuit for differential capacitance Cexp measured in the
experiment. (c) Layer structure of the device with a connection di-
agram for the capacitance-bridge (C.B.) measurement. (d) Profiles
of the conduction-band edge Ec(z) measured from the lowest sub-
band energy E1 and squared envelope function |Ψ(z)|
2 calculated for
VFG =−0.5 (solid lines) and 0 V (dashed lines).
capacitance bridge (Andeen-Hagerling 2700A) as a function
of VFG [Fig. 2(c)], at a frequency of 320 Hz and an excitation
voltage of 3 mVrms. The dissipation factor measured simulta-
neously withCexp was negligibly small for theVFG range stud-
ied, which confirms the irrelevance of charge trapping in the
barrier layers. The underlying n-GaSb (buffer layer and sub-
strate) was electrically isolated from the 2DEG by the thick
AlAs0.08Sb0.92 layer, and therefore did not contribute to Cexp.
Separate transport measurements on a Hall-bar device fabri-
cated from the same wafer showed that the 2DEG had sheet
density of ns = 3.65×10
15m−2 and low-temperaturemobility
of 50 m2/Vs at VFG = 0 V. Self-consistent envelope-function
calculations reveal a slightly asymmetric charge distribution
within the QW with negligible penetration into the AlGaSb
barriers for the VFG range relevant to the |g
∗| determination
[Fig. 2(d)]. A magnetic field of up to 14 T was applied either
parallel or perpendicular to the 2DEG.
In actual experiments, parasitic capacitance Cp exists,
which enters in parallel [Fig. 2(b)]. In addition, cG is not per-
fectly constant and varies with VFG as shown below. There-
fore, we first show how we determinedCp and cG by present-
ing the data obtained at zero magnetic field (B = 0 T) and in a
perpendicular field B⊥. Figure 3(a) shows the measured Cexp
as a function of VFG. At B = 0 T, Cexp is nearly constant at
VFG > −0.8 V, and decreases sharply when the 2DEG is de-
pleted at VFG ≤−0.8 V. As eq. (1) shows, this sharp decrease
represents the contribution of cQ to cFG. In the depletion re-
gion (VFG ≤ −0.8 V), Cexp takes a finite value, correspond-
ing to the parasitic capacitance, which mainly stems from the
overlap between the front gate and Ohmic electrodes.
When a perpendicular field is applied, the DOS of the
2DEG splits into a series of peaks due to Landau quantiza-
tion [Fig. 1(c)]. Accordingly, Cexp oscillates as a function of
VFG, where the high (low) Cexp indicates that the Fermi level
lies within a Landau level (between Landau levels).14 Notably,
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FIG. 3. (a) Capacitance-voltage profile measured at B⊥ = 0, 1.5,
and 14 T. The dashed line is a linear fit to the flattened top parts of
the B⊥ = 14 T data, representing the geometrical capacitance AcG.
(b) cQ obtained from Cexp at B = 0 T. Inset shows the effective mass
calculated from cQ (solid line). The error bars represent the maxi-
mum error caused by the linear approximation of cG vs VFG. The
dashed and dotted lines are thoretical values for a 20-nm-wide InAs
QW with and without strain effects taken into account, respectively,
taken from Ref. 13.
maxima of Cexp flatten out at a very high field (B⊥ = 14 T).
This happens because, at high fields, the large DOS of Lan-
dau levels makes cQ much greater than cG; consequently, the
second term in eq. (1) becomes negligible.15 Hence, we have
Cexp ≈ AcG +Cp, where A (= 0.347 mm
2) is the area of the
2DEG.16 In turn, this implies that, once Cp is known, cG can
be determined experimentally by measuring Cexp at a suffi-
ciently strong B⊥ where cQ ≫ cG.
17 In the following analysis,
we use the valueCp = 6.8 pF, which we confirmed to be con-
stant at high B⊥.
18
As shown by the dashed line in Fig. 3(a), the Cexp values
in the flat-top regions can be fitted by a single straight line.
The fit line has a finite slope, which indicates that cG slighty
increases with VFG. This is because the 2DEG has a finite
width, and its centroid 〈z〉 within the QW varies with VFG,
reflecting the change in the confinement potential.10,19 This
effect can be incorporated by representing cG as
c−1G =
db
εb
+
γ〈z〉
εs
, (3)
where 〈z〉 is measured from the upper interface, εs is the di-
electric constant of the QW, and γ is a numerical prefactor
typically 0.5–0.7.19 In the following analysis, we used a lin-
ear fit function, like that in Fig. 3(a), to determine cG as a
function of VFG. This allows us to extract cQ from cFG using
eq. (1) without the need for knowledge of γ and 〈z〉. The linear
fit agrees with Cexp to within 0.3 pF, with the corresponding
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FIG. 4. cFG as a function of VFG measured at zero and various
in-plane magnetic fields (B‖ = 0–14 T with intervals of 2 T). Inset
shows the shift of the wave-function centroid with B‖ estimated from
the B‖ dependence of cFG at VFG = 0 and 1 V (symbols). Lines are
quadratic fit.
errors in cQ and µ estimated to be less than ±3%.
Figure 3(b) plots cQ obtained from the Cexp data at B = 0 T
as a function of VFG. The cQ shows a sharp onset at VFG =
−0.8 V, where the 2DEG appears, and increases slowly with
VFG at a nearly constant slope, except in the vicinity of the
onset. To check the validity of our analysis, we calculated
m∗ from cQ using the relation dns/dµ = m
∗/pi h¯2 and com-
pared it with the existing theoretical models13 for m∗ [inset of
Fig. 3(b)]. The horizontal axis is the energy measured from
the subband edge E1. The experimental data are plotted vs µ
obtained using eq. (2), with µ = 0 defined as the middle point
of the step edge in the cQ vs µ [see Fig. 5(a)]. The experi-
mentally obtained m∗ increases with µ , with the slope in good
agreement with the model accounting for the nonparabolicity
of the InAs conduction band (dotted line). The quantitative
agreement with theory is significantly improved when the ef-
fects of the 0.52% in-plane tensile strain in the InAs layer are
taken into account (dashed line).13,20 The deviation from the
linear dependence near the subband edge suggests electron-
electron interaction that becomes important at low densities,
which will be discussed later. We emphasize, however, that
the determination of |g∗| using eq. (2) is not affected by the
value of m∗ obtained in our method, for it holds irrespective
of the m∗ value.
Now we present results obtained with magnetic field B‖
applied parallel to the 2DEG. Figure 4 plots cFG vs VFG for
B‖ = 0–14 T. The data reveal that at large B‖ an extra step fea-
ture develops near the onset, indicating the Zeeman splitting
of the subband edge, as illustrated in Fig. 1(b). As expected,
the step becomeswider as B‖ increases. It is worth noting that,
aside from the double-step feature, cFG is seen to vary with B‖
also in the high-VFG range away from the subband edges. This
behavior, not expected from a simple picture, has previously
been identified and explained as due to the B‖-induced shift of
the wave-function centroid in an asymmetric confinement po-
tential.19,21,22 To quantify the shift, we translated the change
in cFG at each VFG with respect to its B‖ = 0 value into γ〈z〉,
which we plot in the inset as a function of B‖ for VFG = 0 and
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FIG. 5. (a) cQ at B‖= 0 and 14 T as a function of µ . Crosses indicate
the middle of the step edges where the Fermi level is aligned to the
subband edge. EZ is deduced from the difference in µ’s at these two
points. µ = 0 for the B‖ = 14 T data is set at the midpoint of these
two points. (b) EZ determined for various in-plane fields, plotted vs
B‖. Open circles show experimental data. The error bars indicate the
error associated with the uncertainty (±3%) in µ . The solid line is
a linear fit to the experimental data. For comparison, EZ calculated
using the g-factor of bulk InAs is shown by dashed line.
1 V. The shift can be fitted well with a quadratic function as
δ (γ〈z〉) =αB2‖. The prefactorα is found to beVFG dependent,
and can be expressed as α = (6.20− 2.05VFG)×10
−3 nm/T2.
Once the centroid shift is absorbed in the B‖ dependence of
cG, cQ in the high-µ region is no longer B‖ dependent, as
shown in Fig. 5(a), where we plot cQ at B‖ = 0 and 14 T as a
function of µ .23 The double steps of cQ at B‖= 14 T are nearly
equal in height, consistent with the equal DOS for the up and
down spin states. If we assume that the Fermi level aligns with
the subband bottom at the middle of the step edges [crosses in
Fig. 5(a)], we can deduce the energy difference EZ from their
separation. Note that the step edges are broadened by disor-
der, most likely due to background charged impurities, which
limits the minimum resolvable EZ to ∼ 7 meV in the present
experiment.
Figure 5(b) plots EZ determined for each B‖. Linear fit-
ting of EZ vs B‖ yields |g
∗| = 17.0± 0.5. Notably, this |g∗|
value is larger than that of bulk InAs (g∗bulk = −15).
24,25 In
QWs, g∗ depends on the well width, reflecting the quantum
confinement, which can be understood in terms of the energy
dependence of g∗. With the Kane model,26
g∗(E) = ge−
2EP
3
∆
(Eg +E)(Eg +E +∆)
, (4)
4where E is the energy measured from the bottom of the bulk
conduction band Ec, Eg is the band gap, ∆ is the spin-orbit
splitting of the valence band, and EP = 2m0P
2/h¯2 with m0
the electron mass in vacuum and P the Kane momentum-
matrix element. With the parameters for InAs (Eg = 0.417 eV,
∆ = 0.39 eV, and EP = 21.5 eV),
27 eq. (4) predicts that g∗
varies from −14.6 at the conduction-band bottom (E = 0) to,
e.g., g∗ =−12.9 at E = 0.03 eV. The reported value |g∗| ≈ 13
for a 15-nm-wide InAs/AlSb QW, obtained using the coinci-
dence technique,7 can therefore be explained by eq. (4) if the
Fermi level lies ∼ 0.03 eV above the conduction-band bot-
tom of bulk InAs. However, quantum confinement cannot ac-
count for |g∗| greater than the bulk value we observed. We
estimate E ∼ 0.03 eV in our 20-nm-wide QW due to quan-
tum confinement (〈E1−Ec(z)〉 ∼ 0.03 eV), which would yield
g∗ = −12.9. As we argue below, the reduction of Eg due
to biaxial tensile strain can override the effects of E on g∗.
If we take the energy of the light-hole band, which is at the
top of the valence band for biaxial tension,13 we find that the
0.52% strain decreases Eg of InAs by 0.068 eV (parameters
are from Ref. 27). Applying this value to eq. (4) together with
E ∼ 0.03 eV, we have g∗ = −17.2. Although a more elabo-
rate theory, as that for m∗ in Ref. 13, is required for a rigor-
ous discussion, our result suggests that the strain effect on g∗
is important in heterostructures as well as in nanowires and
quantum dots; it can be comparable to or even override the ef-
fects of quantum confinement for the case of tensile strain and
therefore must be taken into account to discuss subtle effects,
such as electron-electron interaction that becomes important
at low density.28
We point out several differences between our method and
the coincidence technique. Firstly, the latter provides only the
product |g∗|m∗; hence, an accurate determination of |g∗| re-
quires precise knowledge of m∗. This is not the case for our
method; as we demonstrated in this study, it allows for simul-
taneous and independent determination of m∗ and |g∗|. Yet,
our method requires large |g∗| for the double-step feature to
be resolved in the capacitance-voltage profile. Secondly, in
our method, |g∗| is determied at a rather low electron den-
sity at which the upper-spin subband is depopulated and the
system becomes fully spin polarized. The corresponding ns
depends on |g∗|m∗ and B‖. In the present case of InAs, where
|g∗|m∗/m0 ∼ 0.46 leads to a rather large ns of∼ 1×10
15 m−2
at B‖ = 14 T, this value is still much smaller than the typical
densities in coincidence experiments. Thirdly, while the co-
incidence technique assumes g∗ to be isotropic, our method
selectively measures the in-plane g-factor. These differences
will allow our method to provide information complementary
to coincidence experiments and make it useful in some situa-
tions, such as for investigating the effects of electron-electron
interaction on m∗ and |g∗| in the absence of perpendicular
magnetic fields.
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